Ample evidences demonstrate that cytochrome P450 epoxygenase-derived epoxyeicosatrienoic acids (EETs) exert diverse biological activities, which include potent vasodilatory, anti-inflammatory, and cardiovascular protective effects. In this study, we investigated the effects of endothelium-specific CYP2J2 overexpression on agerelated insulin resistance and metabolic dysfunction. Endothelium-specific targeting of the human CYP epoxygenase, CYP2J2, transgenic mice (Tie2-CYP2J2-Tr mice) was utilized. The effects of endothelium-specific CYP2J2 overexpression on agingassociated obesity, inflammation, and peripheral insulin resistance were evaluated by assessing metabolic parameters in young (3 months old) and aged (16 months old) adult male Tie2-CYP2J2-Tr mice. Decreased insulin sensitivity and attenuated insulin signaling in aged skeletal muscle, adipose tissue, and liver were observed in aged adult male mice, and moreover, these effects were partly inhibited in 16-month-old CYP2J2-Tr mice. In addition, CYP2J2 overexpression-mediated insulin sensitization in aged mice was associated with the amelioration of inflammatory state. Notably, the aging-associated increases in fat mass and adipocyte size were only observed in 16-month-old wild-type mice, and CYP2J2 overexpression markedly prevented the increase in fat mass and adipocyte size in aged Tie2-CYP2J2-Tr mice, which was associated with increased energy expenditure and decreased lipogenic genes expression. Furthermore, these antiaging phenotypes of Tie2-CYP2J2-Tr mice were also associated with increased muscle blood flow, enhanced active-phase locomotor activity, and improved mitochondrial dysfunction in skeletal muscle. Collectively, our findings indicated that endothelium-specific CYP2J2 overexpression alleviated age-related insulin resistance and metabolic dysfunction, which highlighted CYP epoxygenase-EET system as a potential target for combating aging-related metabolic disorders.
| INTRODUCTION
Aging is a complex biological process characterized by a progressive deterioration in physiological functions and metabolic processes that increase vulnerability to death. Metabolic syndrome, an aging-related disorder, includes a set of clinical conditions such as dyslipidemia, hyperglycemia, insulin resistance, and hypertension (Barbieri, Rizzo, Manzella & Paolisso, 2001; Ford, Giles & Dietz, 2002) . Insulin resistance is a key component of the metabolic syndrome and a prelude to type 2 diabetes mellitus (T2DM). Evidence suggests that insulin sensitivity gradually decreased during the aging process in humans and animals (Catalano, Bergman & Ader, 2005; Petersen et al., 2003) . However, those factors which contribute to aging-related insulin resistance and metabolic dysfunction remain poorly understood.
Aging is accompanied by deleterious physiological changes, including reduced energy expenditure and changes in body composition favoring increased adiposity (Akasaki et al., 2014; Camporez et al., 2016) . Adipose tissue mass is maintained by the balance between lipid synthesis and catabolism. Disruption in this equilibrium is implicated in the pathophysiology of various metabolic disorders, particularly obesity and type two diabetes (Guilherme, Virbasius, Puri & Czech, 2008) . Furthermore, adipose tissue is associated with a chronic, low-grade inflammation that contributes to defects in the critical nodes of insulin signaling (Palmer & Kirkland,2016; Tchkonia et al., 2010) . In addition, aging is also associated with reductions in skeletal muscle mitochondrial function. These aging-related reductions in mitochondrial ATP production rates (MAPRs) have also been associated with concomitant reductions in skeletal muscle mitochondrial enzyme activities and protein expression in humans and rodents (Karakelides, Irving, Short, O'Brien & Nair, 2010; Kim, Wei & Sowers, 2008; Petersen et al., 2003) . However, it should be recognized that the association between insulin resistance and mitochondrial dysfunction is not consistent.
Cytochrome P450 2J2 (CYP2J2), a human epoxygenase, metabolizes arachidonic acid to four regioisomeric epoxyeicosatrienoic acids (5, 8, 11, and 14, . EETs are expressed in livers, cardiac myocytes, vascular endothelium, pancreas, and other tissues and likely play important roles in regulating cardiovascular functions and malignancy under physiological and/or pathological conditions (Xu, Zhang & Wang, 2011) . In vivo experiments have demonstrated that EETs reduce insulin resistance and metabolic syndrome in fructosetreated rats and ob/ob and db/db mice (Burgess, Vanella, Bellner, Schwartzman & Abraham, 2012; Xu et al., 2010) . Another study shows CYP2J2 overexpression attenuates the diabetic phenotype and insulin resistance by reducing hepatic inflammation via the PPARc (Li et al., 2015) . In addition, endothelium-specific CYP2J2 overexpression alleviates high-fat diet-induced hyperlipidemia via increased fatty acid oxidation mediated by the AMPK pathway (Zhang et al., 2015) . It has also been reported that EET-A (an EET analogue) increased mitochondrial biogenesis and insulin sensitivity, thereby providing metabolic syndrome protection in high-fat diet-induced obesity in mice Singh, Schragenheim et al., 2016) . These studies reinforce the importance of the development of EETs as promising drugs for the treatment of insulin resistance. Despite advances in our understanding of metabolic regulation by the EETs and the regulatory mechanisms of cytochrome P450-mediated eicosanoids are achieved (Theken et al., 2012) , little is known regarding the involvement of EETs in agingrelated metabolic dysfunction.
In this study, the effects of endothelium-specific CYP2J2 overexpression on the metabolic dysfunction in 16-month-old male mice were investigated. Interestingly, our findings revealed that CYP2J2 overexpression significantly ameliorated age-related metabolic dysfunction.
| RESULTS

| Identification of Tie2-CYP2J2-Tr mice
Tie2-CYP2J2-Tr mice on a pure C57BL/6J genetic background were obtained from Dr. Darryl Zeldin's colony. As expected, abundant CYP2J2 protein expression determined by Western blots was observed in livers, skeletal muscles, and epididymal fat of Tie2-CYP2J2-Tr mice ( Figure S1a ). However, there was no CYP2J2 expression in these tissues in their littermate control mice. In addition, serum 14, 15-EET level in Tie2-CYP2J2-Tr mice was higher than that in WT mice. Interestingly, aging significantly reduced 14, 15-EET level in serum compared with young WT controls ( Figure S1b ). These results indicate that Tie2-CYP2J2-Tr mice were successfully introduced into our laboratory and can be used in this study.
2.2 | Tie2-CYP2J2-Tr mice are protected against fat accumulation and peripheral insulin resistance during aging
Fat tissue is at the nexus of mechanisms involved in longevity and aging-related metabolic dysfunction. Fat distribution and function change dramatically throughout life (Barbieri et al., 2001; Tchkonia et al., 2010) . Considering Tie2-CYP2J2-Tr-HF mice had a reduction in body weight gain and insulin levels (Abraham et al., 2014) , the potential effects of endothelium-specific CYP2J2 overexpression on aging-related adiposity and insulin resistance were explored in this study. As shown in Figure 6a , no difference in the food intake of the four groups of mice suggests no change in energy intake. Male wild-type mice at 16 months of age (hereafter referred to as 16-month-old WT mice) displayed significant increases in total body weight, percentage of fat mass, percentage of epididymal fat, and percentage of subcutaneous fat as compared with those at 3 months of age (hereafter referred to as 3-month-old WT mice) (Figures 1a, b and S2) . Furthermore, lean mass relative to body weight in 16-month-old WT mice was lower than that in 3-monthold wild-type mice as shown in Figure 1c . Importantly, these alterations in 16-month-old WT mice were partially prevented in age-matched Tie2-CYP2J2-Tr mice (hereafter referred to as 16-monthold CYP2J2-Tr mice). In addition, systolic blood pressure was significantly lower in 16-month-old CYP2J2-Tr mice compared with that of 16-month-old WT mice (Figure 1d ). Collectively, these data indicated that endothelium-specific targeting of CYP2J2 markedly inhibited aging-related adiposity.
Consistent with this, the aging-associated increases in fasting serum insulin level, fed insulin level, and HOMA-IR index (a quantitative analysis to measure insulin resistance) were also partially inhibited in the age-matched Tie2-CYP2J2-Tr mice (Figure 1e,f) .
Moreover, glucose tolerance tests indicated that aging-related glucose intolerance was suppressed significantly in 16-month-old phosphorylation. These data indicated that endothelium-specific CYP2J2 overexpression markedly attenuated aging-related insulin resistance.
2.3 | Aged endothelium-specific CYP2J2 overexpression mice are protected against hepatic insulin resistance and coincide with repressed PP2A in liver
The effect of endothelium-specific CYP2J2 overexpression on liver insulin downstream signaling pathway was assessed in this study. As were two key negative regulators which act to dephosphorylate and inactivate AKT (Liu et al., 2012; Resj€ o et al., 2002) . Interestingly, in this study, endothelium-specific CYP2J2 overexpression did not alter the level of PHLPP1 protein in livers of 16-month-old CYP2J2-Tr mice ( Figure 3b ). An aging-related increase in liver PP2Ac protein expression was observed in 16-month-old WT mice, and furthermore, endothelium-specific CYP2J2 overexpression did promote a significant reduction in the protein abundance of the PP2A catalytic subunit (PP2Ac) in the liver as shown in Figure 3c . To further explore the potential mechanism of EETs on liver phosphorylated AKT expression, HepG2 cells were used in in vitro study. Saturated fatty acids are known to induce insulin resistance in hepatic cell lines (Lee et al., 2016) . Here, we made use of the palmitate-treated HepG2 cells to investigate the effect of 14, 15-EET on HepG2 cells phosphorylated AKT expression. As expected, palmitate treatment decreased phosphorylated AKT expression, and 14,15-EET administration markedly prevented the decrease in phosphorylated AKT expression as shown in Figure 3d . Importantly, the regulatory effect of 14, 15-EET on phosphorylated AKT expression was abolished by co-treatment with DES, a potent PP2A agonist ( Figure 3d ). These data indicate that PP2A as a key component in age-related insulin resistance in liver, whereby its repression in response to endothelial CYP2J2 gene targeting may serve to alleviate inactivation of AKT.
2.4 | Endothelium-specific CYP2J2 overexpression exerts anti-inflammatory and anti-adipogenic effects in adipose tissue of aged mice It is now widely recognized that obesity increases the risk of developing insulin resistance (Catalano et al., 2005) . Consistent with this, our body composition analysis revealed that endothelium-specific CYP2J2 overexpression promoted a greater reduction in body fat mass in aged mice compared to aged WT littermates (Figure 1b) . Histological examination of eWAT showed a direct relationship between fat accumulation and adipocyte hypertrophy. The aging-related increases in mean adipocyte cross-sectional area in 16-month-old WT mice were significantly inhibited in 16-month-old CYP2J2-Tr mice (Figure 4d) . We next examined the mRNA levels of the lipogenic genes in epididymal fat tissue, including FAS, SREBP-1, PPARc2, and SCD1. In accord with its anti-obesity effect in older mice, an aging-related increase in mRNA level of FAS in 16-month-old WT mice was observed, which was inhibited by endothelium-specific CYP2J2 overexpression. In addition, 16-month-old WT mice had a tendency to have a higher SREBP1 mRNA level than younger counterparts, but this did not quite reach statistical significance. However, the mRNA level of SREBP-1 was decreased in the 16-month-old CYP2J2-Tr mice compared with that in age-matched WT mice (Figure 4e ). Furthermore, plasma levels of adiponectin were lower in 16-month-old WT mice vs.
3-month-old WT mice, but not in 16-month-old CYP2J2-Tr mice (Figure 4f) . The level of leptin in the 16-month-old WT mice was higher than that in the age-matched Tie2-CYP2J2-Tr mice. However, no significant difference was seen in resistin levels between these two groups as shown in Figure 4f . Therefore, these data indicated that endothelium-specific CYP2J2 overexpression exerted inhibitory effects on aging-related adipose tissue inflammation and adipogenesis. Finally, we determined differences in expression levels of genes controlling fatty acid oxidation. In the liver (Figure 6g ), there was a significant increase in PPARa, CPT1a, and Acox1 levels in 16-monthold CYP2J2-Tr mice as compared with the wild-type controls at 16 months. In skeletal muscle, PPARa, CPT1a, and MCAD were increased in 16-month-old CYP2J2-Tr mice as compared with the wild-type mice of the same age (Figure 6h ). These data indicated that Tie2-CYP2J2 promoted the process of energy expenditure at least partly via increased fatty acid oxidation. We thus further focused on the effect of Tie2-CYP2J2 gene targeting on mitochondrial function. As shown in Figure 7f , aging-associated decreases in ATP levels in the muscle mitochondria of 16-month-old WT mice were inhibited in the 16-month-old CYP2J2-Tr mice. We also measured citrate synthase activity (n mol/min/mg protein) in the muscle tissue. As displayed in Figure 7g , the activity of mitochondrial citrate synthase was markedly increased in 16-monthold CYP2J2-Tr mice compared with their age-matched WT group. In addition, we examined the effect of endothelium-specific CYP2J2 overexpression on the activities of mitochondrial complexes I, II, III, IV, and V. 16-month-old WT mice showed reduced activities of complexes I, II, and III; however, no change in the activity of complexes IV and V was noted in comparison with 3-month-old WT mice. Interestingly, we observed a significant increase in activities of complexes I-IV in muscles from 16-month-old CYP2J2-Tr mice (Figure 7h ).
Taken together, these results suggested that the endothelium-specific F I G U R E 3 CYP2J2 overexpression-mediated improvement in insulin sensitivity coincides with repressed PP2A in liver. Mice were anesthetized after overnight fasting, and 1 IU per kg insulin or an equal volume of vehicle was administered through the portal vein. CYP2J2 overexpression led to stimulation of mitochondrial energy metabolism, which protected the mice against age-related obesity and insulin resistance.
| DISCUSSION
Insulin resistance increases with age and plays a key role in the pathogenesis of type two diabetes mellitus. Therapeutic interventions are therefore needed to improve insulin sensitivity in the elderly. In this study, the protective effects of Tie2-CYP2J2 gene targeting in aging-related insulin resistance were observed in 16-month-old mice. We demonstrated that endothelium-specific CYP2J2 overexpression prevented the development of agingrelated insulin resistance by improving energy homeostasis, which was associated with decreased inflammatory response. Therefore, these findings revealed that CYP epoxygenase-EETs system protected against aging-related insulin resistance and metabolic dysfunction.
Previous studies indicated a significant reduction in EETs level in mice fed with a HF diet, which was accompanied by increased inflammatory response and oxidative stress (Sodhi et al., 2012) . In the present study, we observed an aging-related decrease in serum level of 14, 15-EET in wild-type mice. Consistent with previous studies, Tie2-CYP2J2-Tr mice displayed increased levels of plasma and tissue EETs (Abraham et al., 2014; Deng et al., 2011; Lee et al., 2010) . Sterile inflammation is a common feature of aging, which is an independent risk factor for both type two diabetes and | 11 of 15 macrophage infiltration, adipocyte hypertrophy, and the expression of pro-inflammatory markers in aged mice. In addition, we also examined the effect of aging on adiponectin concentrations. Adiponectin has been suggested to have both anti-inflammatory and antidiabetic properties (Luo et al., 2010; Yamauchi et al., 2001 ).
Our results indicated that endothelial CYP2J2 gene targeting increased the concentrations of adiponectin in 16-month-old CYP2J2-Tr mice.
The aging-related increase in adiposity has been suggested to underlie the reduced insulin sensitivity with age (Catalano et al., 2005; Karakelides et al., 2010) . From middle age, the distribution of adipose tissue shifts from primarily subcutaneous depots to visceral depots, which is more closely associated with development of metabolic syndrome and insulin resistance. The location and function of adipose tissue have been suggested to be more important than the absolute amount of adipose tissue in terms of its effect on insulin sensitivity (Palmer & Kirkland, 2016; Preis et al., 2010) . Inadequate angiogenic remodeling during adipose tissue expansion promotes migration of immune cells into adipose depots, resulting in adipose tissue dysfunction (Crewe, An & Scherer, 2017) . In addition to the anti-inflammatory effect, systemic administration of an EET agonist also lowers adiposity (Sodhi et al., 2009 (Sodhi et al., , 2012 . In accord with this, our study indicated that endothelium-specific CYP2J2 overexpres- Recent study demonstrated that antimyostatin antibody increases muscle mass and strength and improves insulin sensitivity in old mice (Camporez et al., 2016) . Aging-associated sarcopenia that accompanies increased weakness and fatigability have devastating consequences for patients. Sarcopenia reduces quality of life and physical activity, and markedly increases the incidence of falls and fractures. For older people in particular, declining muscle mass causes morbidity from loss of strength, reduced energy expenditure, changes in body composition favoring increased adiposity, and increased insulin resistance (Janssen, Heymsfield, Wang & Ross, 2000; Lee et al., 2010; Piers, Soares, McCormack & O'Dea, 1998; Ryan, 2000) . Our results demonstrated that endothelium-specific CYP2J2 overexpression led to increased skeletal muscle mass and locomotor activity in aged mice. In addition, the antisarcopenic effects of CYP2J2 overexpression were associated with increased insulin-stimulated whole-body metabolism in the old mice. Furthermore, eNOS expression and blood flow in muscles were enhanced in 16-month-old CYP2J2-Tr mice, which produced a virtuous cycle for increased microcirculation and decreased pro-inflammatory responses (Hasegawa et al., 2012) . We infer that these effects are associated with increased activity in aged mice. In contrast, the attenuation of microcirculatory blood flow observed in eNOS-deficient mice decreases transcapillary passage of insulin to metabolically active tissues such as muscle, thereby contributing to impairment of insulin action (Kubis, Richer, Domergue, Giudicelli & L evy, 2002) .
Consequently, the negative regulation of eNOS expression during aging in endothelial cells may be another important mechanism underlying insulin resistance, reduction in lean mass, and decreased locomotor activity. However, the precise mechanisms of CYP2J2 overexpression-mediated antisarcopenic effects need to be further explored.
Aging is also associated with reductions in skeletal muscle mitochondrial function. In particular, skeletal muscle mitochondrial ATP production rates (MAPRs) are reduced in elderly people. These aging-related reductions in MAPRs are also associated with concomitant reductions in skeletal muscle mitochondrial enzyme activities, protein synthesis and expression, and mtDNA abundance in humans and rodents (Karakelides et al., 2010; Petersen et al., 2003) . Of interest, insulin resistance is closely associated with skeletal muscle mitochondrial dysfunction (Karakelides et al., 2010; Kim et al., 2008; Petersen et al., 2003) . This close association between muscle mitochondrial dysfunction and insulin resistance has led to the hypothesis that mitochondrial dysfunction could be the basis of insulin resistance. Our data demonstrated that the aging-related skeletal muscle mitochondrial dysfunction was attenuated in 16-month-old CYP2J2-Tr mice. Furthermore, this attenuation occurred with increased mitochondrial biogenesis evidenced by increased mitochondrial protein expression. Others found that UA-8, a synthetic compound that possessed both EET-mimetic and sEH inhibitory properties, provided significant cardioprotection against ischemiareperfusion injury via limiting mitochondrial dysfunction (Batchu et al., 2011) . Some other studies showed that EETs failed to enhance mitochondrial content (Liu et al., 2011; Sarkar et al., 2014) . However, the current study revealed a partial reversal of an aging-related decline in mitochondrial biogenesis by 2J2 overexpression in the skeletal muscle of old mice. Moreover, Tie2-CYP2J2 gene targeting had no effects on mitochondrial content and function in young mice.
This apparent discrepancy between the current finding and precedent literature may be explained by the possibility that EETs may enhance mitochondrial content only under conditions where dysfunction is evident.
To summarize, endothelium-specific EET production in male adult mice is able to counteract aging-related metabolic disorders, particularly overweight, fat accumulation, and peripheral insulin resistance. 
| Evaluation of in vivo insulin signaling
After overnight fasting, mice were anesthetized and 1 IU per kg human insulin (Novo Nordisk, Novo Alle 0 , Denmark) or an equal volume of vehicle was administered through the portal vein. Adipose tissue (epididymal fat pads), liver, and gastrocnemius muscle were collected 120 s after the injection and immediately stored in liquid nitrogen for subsequent Western blotting analysis (Law et al., 2010) .
| Quantitative real-time PCR
Total RNA extracts were isolated from tissue lysate using TRIzol reagent (Invitrogen, USA) following the manufacturer's instructions.
Total RNA was reversely transcribed using the TransScript First-Strand cDNA Synthesis kit, and quantitative real-time PCR was performed on an ABI7900 PCR system (Applied Biosystems, Darmstadt, Germany) using the TransStart TM Eco Green qPCR Kit (Qiagen, Valencia, CA, USA). Primers used for real-time PCR are shown in Table 1 .
| Insulin and Glucose Tolerance Tests
For glucose tolerance tests (GTTs), mice were injected intraperitoneally with 2 g/kg glucose after a 16-hr fasting. Blood glucose levels were measured immediately before and 30, 60, 90, and 120 min after glucose injection. Insulin tolerance tests (ITTs) were performed on 5-hr-fasted mice injected intraperitoneally with 0.75 U/kg human insulin (Novo Nordisk, Novo Alle 0 , Denmark). Blood glucose levels were determined as described above. Area under the curve (AUC) values were calculated with the GraphPad Prism software (GraphPad Software Inc.).
| Indirect calorimetry analysis
In vivo metabolic assessment via indirect calorimetry was performed using the Oxymax CLAMS (Columbus Instruments, Columbus, OH, USA) with an airflow of 0.6 L/min and sample flow of 0.5 L/min.
Mice were individually housed in metabolic chambers maintained at 20-22°C in a 12-hr light/12-hr dark cycle. After the mice had adapted to the environment of the metabolic chamber for 48 hr, the subsequent 24 hr period was utilized for data collection.
| Statistical analysis
All values are presented as mean AE SEM. The in vivo data were analyzed using Student's unpaired t test or two-way ANOVA with 
